Abstract-This paper describes the development of an ultrasonic imaging system based on a two-dimensional capacitive micromachined ultrasonic transducer (CMUT) array. The transducer array and front-end electronics are designed to fit in a 5-mm endoscopic channel. A custom-designed integrated circuit, which comprises the front-end electronics, will be connected with the transducer elements via through-wafer interconnects and flip-chip bonding. FPGA-based signal-processing hardware will provide real-time three-dimensional imaging. The imaging system is being developed to demonstrate a means of integrating the front-end electronics with the transducer array and to provide a clinically useful technology. Integration of the electronics can improve signal-to-noise ratio, reduce the number of cables connecting the imaging probe to a separate processing unit, and provide a means of connecting electronics to large twodimensional transducer arrays. This paper describes the imaging system architecture and the progress we have made on implementing each of its components: a 16x16 CMUT array, custom-designed integrated circuits, a flip-chip bonding technique, and signal-processing hardware.
INTRODUCTION
In existing ultrasonic imaging systems, the transducer array is often connected to the front-end electronics by lengthy interconnects. These interconnects add parasitic capacitance, are potentially lossy, and may necessitate impedance matching circuits. Furthermore, the interconnects make it difficult to connect large two-dimensional arrays to front-end electronics. By integrating the front-end electronics with the transducer array, the received signal can be buffered and amplified prior to these long connections, and large arrays can be compactly connected to electronics. If functionality such as beamforming, multiplexing, or analog-to-digital conversion can be integrated inside the probe, then the number of cables connecting the probe to an external processing unit can be reduced. This process is especially important for applications such as endoscopic imaging, where there is limited space for connecting cables. This paper describes the development of an ultrasonic imaging system based on a two-dimensional capacitive micromachined ultrasonic transducer (CMUT) array. The transducer array and a custom-designed integrated circuit that comprises the front-end electronics are being designed to fit inside a 5-mm endoscopic channel.
The inclusion of electronics within the transducer probe is made possible by a compact and elegant connection scheme that utilizes throughwafer interconnects and flip-chip bonding. The transducer array and electronics will be connected to an FPGA-based signal-processing unit that will provide real-time threedimensional image reconstruction. The imaging system is being developed to demonstrate a means of integrating the front-end electronics with the transducer array and to provide a clinically useful technology. This paper describes the imaging system architecture and the progress we have made on implementing each of its components: a 16x16 CMUT array, custom-designed front-end circuits, a flip-chip bonding technique, and signal-processing hardware.
II. SYSTEM DESCRIPTION
A diagram of the imaging system design is shown in Fig. 1 . In the design, there are 16x16 CMUT elements in the transducer array. The elements have a 5-MHz transmit center frequency. Each element is connected to a 50-µm diameter bond pad on the backside of the array with a through-wafer interconnect. The transducer array is flip-chip bonded to a custom-designed integrated circuit-the front-end IC. The front-end IC is composed of high-voltage pulsers for driving the transducer elements, low-noise preamplifiers for amplifying the received echoes, and digital logic for addressing and selecting between transmission and reception. The amplified signals from the front-end IC are passed to time-gain compensation (TGC) amplifiers and then to a signal-processing and data-acquisition system.
III. CMUT ARRAYS
A sacrificial silicon nitride process was used to fabricate several CMUT array designs for this project [1] . The CMUT arrays have 16x16 elements where, depending on the design, each element is 150-µm by 150-µm or 250-µm by 250-µm. The through-wafer interconnects are formed by creating 400-µm deep holes through the wafer with deep reactive ion etching (DRIE) [2] . A layer of thermal oxide is formed inside the hole to isolate the interconnect from the surrounding wafer. Polysilicon is then deposited in the hole and doped to provide conduction. Pictures of the fabricated CMUTs with throughwafer interconnects are shown in Fig. 2 . To test the CMUTs, we excited them with a 30-V, 100-ns unipolar pulse and measured the transmitted pressure with a hydrophone. The received signal for a device tested in vegetable oil is shown in Fig. 3 . For the 30-V pulse, a transmit pressure of 100 kPa was measured. The normalized Fourier transform of the received signal, adjusted for diffraction, attenuation, and the hydrophone response, is shown in Fig. 4 . The Fourier transform is not adjusted for the spectrum of the driving pulse. The transmitted signal has a 3-dB fractional bandwidth of 95%, and a center frequency close to the design target of 5 MHz. To test the uniformity of the frequency response, an array was tested in air. The resonant frequency in air of each element was within 1% of the mean for the array. Several through-wafer interconnects were characterized. They had resistances of approximately 20 Ω and total parasitic capacitances, which include the bond pad and interconnect, of 0.2 pF or less. 
IV. FRONT-END ELECTRONICS
The front-end electronics encompass the pulser and preamplifier, TGC, and analog-to-digital conversion. For the initial demonstration of the system, only the pulsers and preamplifiers are included in the front-end IC. In previous work, we designed and implemented a multi-channel analogto-digital converter (ADC) for integrated ultrasound systems [3] . Based on that work, we believe it is feasible to include the ADC with the front-end electronics. Its inclusion will provide noise immunity and could reduce the number of channels needed to connect the probe to an external processing system.
The pulser/preamplifier front-end circuit has evolved over several designs. For the first implementation, we designed the circuit to be wire bonded to a single transducer element. A simplified schematic of this design is shown in Fig. 5 . When receiving, the pulser is in a high impedance state and the transducer is connected to a transimpedance amplifier. This circuit was designed for a standard 0.25-µm CMOS process with a nominal supply voltage of 2.5 V.
Pulse-echo measurements were made with this circuit by wire bonding it to a 240-µm by 240-µm CMUT element. The echo received from a plane reflector at 1.2 mm had a 35-dB signal-to-noise ratio in a 50-MHz bandwidth. The echo signal is shown in Fig. 6 . For the second generation of front-end electronics, we are using a high-voltage analog process. We designed a column of 16 pulser/preamplifier circuits for flip-chip bonding to a single column of the two-dimensional CMUT array. In this design, a single-element in the column is active at a time for transmit and receive. When receiving, the preamplifier and output buffer are designed to consume 1.6 mW from a 5-V power supply. Fig. 7(a) shows the layout for this design. Each pulser/preamplifier circuit in the column is 250-µm by 250-µm and matches the footprint of a single element in the CMUT array. Fig. 7(b) shows the portion of the fabricated device highlighted in 7(a).
The pulser is designed to generate 30-V, 100-ns pulses for a 2.5-pF load. A measured 28-V pulse is shown in Fig. 8 . Because of the way the preamplifier feedback resistors were drawn for the layout, the resistors did not function as designed. However, we were able to test the preamplifiers by bonding an external resistor to the circuit. Fig. 9 shows the output of the amplifier as it starts up after the pulser has fired. The 1.5-µs startup time is longer than expected due to the parasitic capacitance of the externally bonded resistor. From simulation, we expect a startup time of approximately 500 ns with an integrated resistor.
We recently completed the design of a new version of the front-end electronics. This version contains a 16x16 array of transmit/receive cells and is designed to be flip-chip bonded to a CMUT array for three-dimensional imaging. As in the single column of electronics, only a single transmit/receive cell is active at a time. However, because there is a transmit/receive cell for each element in the array, it would be straightforward to extend the design to transmit and receive on multiple elements. This extension will be explored in the future.
V. FLIP-CHIP BONDING
Flip-chip bonding is often used to connect integrated circuits to their packages or other circuits. We have used flip-chip bonding in the past to connect CMUT arrays to printed circuit boards [4] . For this work, we use flip-chip bonding to connect the CMUT array elements to the front-end IC. The bonding process we use forms bonds between In and Au bumps. To bond to the aluminum IC bond pads, we first deposit a stack of metals on the IC. A diagram of the metal stack is shown in Fig. 10 . The Ti and Cu layers provide adhesion and a diffusion barrier. With this metal stack, the IC pads can be bonded to the Au pads on the backside of the transducer array. To test the bonding process, we fabricated and bonded a test structure. For all 30 connections in our test structure, the bond resistance was less than 10 Ω. The mean resistance was 3.4 Ω. Fig. 11 shows these results. A commercial FPGA-based signal-processing system (Lyrtech Signal Processing, Quebec City, Canada) will be used for analog-to-digital conversion and image reconstruction. This system has 16-channels of 100-MSPS, 14-bit analog-todigital converters. Data from these ADCs flow into a Xilinx Virtex II 6000 FPGA. The FPGA will be used to control the transmit/receive sequence, element addressing, and for realtime image reconstruction.
VII. CONCLUSION
The architecture of a real-time volumetric imaging system based on a two-dimensional CMUT array was described. We have made progress in implementing each component of the system. CMUT arrays with 16x16 elements were fabricated and characterized. Through-wafer vias with 20 Ω of resistance and 0.2 pF of capacitance were used to connect the transducer elements to flip-chip bond pads. Pulse-echo measurements were made with a single-element, low-voltage version of the front-end IC. Front-end electronics designed for transducer arrays have been fabricated and tested. In preparation to flipchip bond the CMUT array to the front-end IC, we have flipchip bonded test structures. The bond resistance for each of the 30 connections in the test structure was less than 10 Ω. Finally, we have chosen a commercial system for data acquisition and signal processing.
